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The role of species- specific sensory cues in male responses to 
mating rivals in Drosophila melanogaster fruitflies





























males	 that	 they	might	encounter	 (Drosophila simulans, Drosophila yakuba, Drosophila 
pseudoobscura, or Drosophila virilis).	Focal	D. melanogaster	males	exposed	to	D.  simulans 
or D. pseudoobscura	 subsequently	 increased	mating	duration,	but	 to	a	 lesser	extent	
than	 following	 exposure	 to	 conspecific	 rivals.	 The	 magnitude	 of	 rivals’	 responses	
	expressed	by	D. melanogaster	males	did	not	align	with	genetic	distance	between	spe-
cies,	 and	 none	 of	 the	 sensory	manipulations	 caused	D. melanogaster	 to	 respond	 to	
males	 of	 all	 other	 species	 tested.	However,	when	we	 removed	 or	 provided	 “false”	





















specific	 and	 heterospecific	 males	 or	 potential	 rivals	 may	 be	 shared	
with	those	that	have	evolved	through	female	choice,	for	example,	cues	
such	 as	 color	 patterning	 (e.g.,	 in	 darters	 Etheostoma	 spp.	 [Martin	 &	
Mendelson,	2016],	damselflies	Hetaerina americana	and	Hetaerina titia 
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[Drury	&	Grether,	2014]),	and	song	(e.g.,	 in	Darwin’s	finches	Geospiza 
spp.	 [Ratcliffe	 &	 Grant,	 1985];	 Troglodytes	 wrens	 [Sosa-	Lopez	 et	al.,	




investment	 in	 ejaculate	 composition,	 or	 in	 behaviors	 such	 as	 mate	
guarding	and	copulation	duration,	if	they	perceive	a	high	likelihood	of	
sperm	competition	(Bretman,	Gage,	&	Chapman,	2011;	Wedell,	Gage,	
&	Parker,	2002).	This	 increased	 investment	 is	often	costly	 (Bretman,	











2012;	Wigby	 et	al.,	 2009).	Drosophila pseudoobscura	 males	 increase	
mating	 duration	 following	 exposure	 to	 conspecific	 males,	 but	 not	



















tion	of	the	red	eyes	of	another	fly,	in	order	to	respond	to	D. simulans or 














competition	 responses	 to	 heterospecific	 males.	 The	 predictions	 are	
not	straightforward,	because	heterospecifics	that	are	infrequently	en-
countered	might	elicit	greater	rivals’	responses	than	for	closely	related	
species	with	which	D. melanogaster	 can	hybridize,	 because	 allopatry	
minimizes	 selection	 for	heterospecific	discrimination	 (e.g.,	Magurran	
&	 Ramnarine,	 2004;	Wellenreuther,	Tynkkynen,	 &	 Svensson,	 2010).	
Hence,	a	lack	of	response	could	be	driven	either	by	males	being	un-






We	 then	 tested	 whether	 D. melanogaster	 males	 responded	 to	 males	








2  | MATERIALS AND METHODS
2.1 | Choice of test species
We	 chose	 a	 range	 of	 species	 as	 heterospecific	 rivals	 (D. simulans, 
yakuba, pseudoobscura,	 and	 virilis). Drosophila melanogaster	 shared	
its	 last	 common	ancestor	with	D. simulans	 ~	5	MYA,	with	D. yakuba 
~	 13	MYA,	 with	 D. pseudoobscura	 ~	 55	MYA,	 and	 with	 Drosophila 
virilis	~	63	MYA	(Tamura,	Subramanian,	&	Kumar,	2004).	In	terms	of	
geographical	 range,	D. melanogaster	 and	D. simulans	 are	 cosmopoli-
tan	species,	although	ancestrally	originating	from	Africa	 (Lachaise	&	









2.2 | Fly stocks and husbandry
Wild-	type	 Drosophila melanogaster	 were	 from	 a	 large	 laboratory	
population	 originally	 collected	 in	 the	 1970s	 in	 Dahomey	 (Benin).	
This	 strain	was	 used	 in	 our	 previous,	 related	 studies	 (e.g.,	 Bretman	
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et	al.,	2009).	For	 the	visual	 cues	experiment,	D. melanogaster	 of	 the	
Canton-	S	wild-	type	strain	were	also	used	(supplied	by	Dr	Tom	Price).	
D. simulans,	D. yakuba,	and	D. virilis	were	obtained	from	the	San	Diego	
Stock	 Center.	 Drosophila pseudoobscura	 was	 derived	 from	 100	 fe-
males	collected	from	a	natural	population	Arizona,	USA,	 in	2008	by	
Dr	 Tom	Price.	D. melanogaster	were	maintained	 on	 standard	 sugar-	










well	 onto	our	 standard	 grape	 juice	 egg	 collecting	medium;	 hence,	
to	standardize	larval	density	for	those,	we	placed	parents	of	the	ex-
perimental	males	 in	groups	of	 five	 females	and	 five	males	per	vial	
for	successive	periods	of	48	hr.	To	account	for	differences	in	devel-
opment	and	maturity,	D. virilis	and	D. pseudoobscura	were	3–5	days	
old,	 and	D. simulans	 and	D. yakuba	 1–2	days	 old,	when	 treatment	
vials	were	set	up.
2.3 | Measurement of mating duration




wing	 clip	using	 light	CO2	 anesthesia,	 a	procedure	 that	does	not	 af-
fect	 the	 response	of	D. melanogaster	 focal	males	 to	 rivals	 (Bretman,	
Westmancoat	 et	al.,	 2011).	 Focal	 males	 were	 then	 held	 on	 their	
own	or	exposed	to	a	rival	 for	3	days.	On	the	5th	day	after	eclosion	
for	 D.  melanogaster,	 mating	 tests	 were	 conducted.	 In	 these,	 focal	











Mirror down Mirror up Plus rival
Visual	cues	in	response	of	D. mel	to	conspecifics
Canton-	S 34 33 33
Dahomey 36 30 30
No rival mel sim yak pse vir
Responses	of	D. mel	to	conspecifics	and	heterospecifics
Unmanipulated	sensory	cues
Experiment	1 39 40 36 37 34 38
Experiment	2 24 25 24 22 25 26
Experiment	3 46 45 44 44 37 45
Auditory	cues	manipulated
Nonfocal	male	wings	removed 36 37 36 34 31 35
Focal	males	carrying	inactive 
mutation
26 27 28 36 30 30
Tactile	cues	manipulated




34 28 32 29 29 27
Focal	male	3rd	antennal	segment	
removed
36 34 31 29 30 31
CHCs	added
Hexane	carrier	control 29 34 22 20 22 31
CHC	wash	treatment 34 35 34 25 27 33
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2.4 | The role of visual cues in D. melanogaster sperm 

















2.5 | Responses of D. melanogaster to 
conspecific and heterospecific rivals





“rival”	 of	 D. melanogaster,	 D. simulans,	 D. yakuba,	 D. pseudoobscura, 




























Analyses	were	 carried	out	 in	R	 v	3.3.1.	No	dataset	 conformed	 to	








terms	 in	 order	 to	 achieve	 minimal,	 simplified	 statistical	 models.	
Differences	between	the	two	strains	in	the	visual	cues	experiment	
were	then	compared	using	a	Mann–Whitney	U	test,	and	the	effect	
of	 rival	 treatment	 (single,	 single	plus	mirror,	 paired)	was	 analyzed	
using	post	hoc	Tukey’s	pairwise	comparisons	(with	Bonferroni	cor-
rection	 for	multiple	 comparisons).	 For	 the	 three	 replicate	 experi-
ments	 using	 unmanipulated	 heterospecific	 “rivals,”	 we	 performed	
a	 GLMM	with	 rival	 treatment	 as	 a	 fixed	 factor	 and	 replicate	 ex-
periment	 (block)	as	a	random	factor.	We	tested	this	against	a	null	
model,	with	only	the	random	effect	of	block,	using	AoD.	We	then	
compared	 rival	 treatment	 groups	using	post	 hoc	Tukey’s	 pairwise	
comparisons	(with	Bonferroni	correction	for	multiple	comparisons).	
All	 other	 experiments,	 except	 the	 CHC	 addition,	 were	 analyzed	
using	Kruskal–Wallis	(KW)	tests	with	post	hoc	tests	as	before.	For	
the	CHC	addition	experiment,	we	used	a	GLM	with	quasi	Poisson	




3.1 | The role of visual cues in D. melanogaster sperm 
competition responses to rivals
Both	Dahomey	and	Canton-	S	strains	responded	in	the	same	way	to	
rivals	(no	significant	interaction	between	strain	and	rivals	treatment,	
AoD	F1,	 203	=	0.629,	p = .429;	 Figure	1).	 Paired	males	 that	were	 ex-
posed	 to	 rivals	mated	 for	 significantly	 longer	 than	 did	 either	 single	
males	 (p = .006)	 or	 single	males	with	 a	mirror	 (p < .001).	 There	was	
no	significant	difference	between	the	mating	duration	of	single	males	
(no	rivals)	with	or	without	mirrors	 (p = .964).	Overall,	Dahomey	flies	
mated	for	significantly	longer	than	Canton-	S	flies	(Mann–Whitney	U 
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3.2 | Responses of D. melanogaster to 
conspecific and heterospecific rivals
We	found	a	significant	effect	of	exposure	treatment	(i.e.,	species	identity)	






trast,	D. melanogaster	males	exposed	to	D. yakuba or D. virilis	“rivals”	did	
not	differ	in	mating	duration	in	comparison	with	the	no-	rival	treatment.	








males	 to	a	heterospecific	 “rival”	as	a	proportion	of	 the	 response	 to	a	
conspecific	 rival	 ([+heterospecific	 rival	 median]	–	[no-	rival	 median])/
([+conspecific	 rival	median]	–	[no-	rival	median]).	This	 analysis	 showed	
that	the	extended	mating	duration	responses	of	D. melanogaster	males	
following	exposure	to	D. simulans or D. pseudoobscura	males	were	about	
half	of	that	observed	following	exposure	to	a	conspecific	rival.
3.3 | Responses of D. melanogaster to 
conspecific and heterospecific rivals following 
manipulation of auditory cues
We	observed	a	significant	effect	of	the	manipulation	of	auditory	cues	
available	to	focal	D. melanogaster	males	on	mating	duration	(achieved	
by	 removing	 wings	 from	 all	 nonfocal	 males	 in	 “rival”	 treatments,	
KW	휒2
5
=50.151,	p < .0001;	Figure	2b).	Post	hoc	 tests	 revealed	 that	
D. melanogaster	males	did	not	extend	mating	duration	 following	ex-




and	 following	 exposure	 to	D. simulans or D. pseudoobscura	wingless	
“rivals.”	Indeed,	in	comparison	with	unmanipulated	responses,	the	re-
sponses	of	D. melanogaster	males	to	D. simulans	and	D. pseudoobscura 
rivals	were	more	than	doubled	(Table	2).





=35.714,	p < .0001;	 Figure	2c).	After	 exposure	 to	
D. yakuba or D. virilis, D. melanogaster iav	mating	 duration	was	 inter-
mediate	and	not	significantly	different	to	either	no-	rival	or	conspecific	
rival	treatments.	Exposure	of	D. melanogaster iav	males	to	D. simulans 
and	D. pseudoobscura	 rivals	 resulted	 in	subsequent	mating	durations	
that	were	not	significantly	different	to	the	conspecific	rivals’	response.	
The	difference	in	median	mating	duration	was	increased	following	ex-
posure	to	D. simulans,	D. yakuba,	and	D. pseudoobscura	males	in	com-
parison	with	 the	 unmanipulated	 treatments	 (Table	2).	 Together,	 the	
results	suggest	that	removing	auditory	cues	rendered	D. melanogaster 
males	significantly	more	likely	to	respond	to	heterospecific	males.
3.4 | Responses of D. melanogaster to 
conspecific and heterospecific rivals following 
manipulation of tactile cues
When	tactile	cues	were	removed	by	separating	males	from	rivals	using	
porous	netting,	there	was	a	marginally	significant	effect	of	treatment	
on	 focal	D. melanogaster	 mating	 duration	 (KW	휒2
5
=13.54,	 p = .019;	
Figure	2d).	 Investigation	 of	 the	 standardized	median	 differences	 to	
the	 no-	rival	 treatment	 showed	 that	 mating	 duration	 responses	 of	





3.5 | Responses of D. melanogaster to conspecific  
and heterospecific rivals following manipulation of 
olfactory cues
In	olfactory-	defective	Orco	mutant	D. melanogaster	focal	males,	rival	





mating	duration.	There	was	an	 intermediate	response	to	D. simulans 
and	no	significant	response	to	D. yakuba,	D. pseudoobscura, or D. virilis. 
Median	differences	were	similar	(D. simulans)	or	smaller	than	observed	
in	the	unmanipulated	experiments	(Table	2).
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Following	 removal	of	 the	 third	antennal	 segment	 in	 the	D. mela-
nogaster	 focal	males,	 rival	 treatment	 also	 significantly	 affected	mat-
ing	 duration	 (KW	휒2
5
=20.859,	 p = .0009;	 Figure	2f).	Males	 exposed	
to	 conspecifics	 and	D. simulans	 rivals	mated	 for	 significantly	 longer,	
whereas	mating	duration	after	exposure	to	males	of	the	other	species	
was	 not	 significantly	 different	 to	 either	 no-	rival	 or	 conspecific	 rival	
treatments.	The	standardized	median	differences	were	 increased	for	
D. simulans, D. pseudoobscura,	and	D. virilis	treatments,	but	decreased	
for	D. yakuba	(Table	2).
There	was	 no	 significant	 interaction	 between	 rival	male	 treat-
ment	 and	 D. melanogaster	 CHC	 treatment	 (AoD	 F5,	 339	=	1.918,	
p = .091)	although	a	marginally	nonsignificant	trend	for	CHC	addition	
to	 increase	mating	duration	overall	 (AoD	F1,	329	=	3.379,	p = .067).	
There	was	a	highly	 significant	effect	of	 rival	male	 treatment	 (AoD	
F5,	344	=	8.754,	p < .0001;	Figure	2g).	Mating	duration	was	not	dif-
ferent	 to	 the	 no-	rival	 treatment	 after	 exposure	 to	 D. yakuba	 and	
D. virilis.	 The	 response	 of	 D. melanogaster	 males	 to	 D. pseudoob-
scura	 rivals	was	not	significantly	different	 to	either	 the	no-	rival	or	
conspecific	 treatments,	 whereas	 the	 response	 of	 D. melanogaster 
males	to	D. simulans	rivals	was	not	significantly	different	to	that	to	
a	conspecific	rival.	Standardized	median	responses	to	D. yakuba	and	
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of	 D. melanogaster	 responses	 to	 heterospecific	 males	 did	 not	 align	














not	 necessarily	 achieve	 consistent	 responses,	 suggesting	 that	 these	
manipulations	may	have	altered	sensory	information	in	different	ways.	
In	accordance	with	our	previous	results	(Bretman,	Westmancoat	et	al.,	
2011),	we	 found	no	evidence	 that	 visual	 cues	 are	used	by	D. mela-
nogaster	males	in	responding	to	rivals.
Given	 an	 unmanipulated	 sensory	 repertoire,	 we	 predicted	 that	
if	 D. melanogaster	 were	 to	 respond	 to	 any	 heterospecific	 rival,	 it	
would	mostly	 likely	be	 to	 the	closely	 related	D. simulans.	These	 spe-
cies	 differ	 in	 both	 song	 parameters	 (Kawanishi	 &	Watanabe,	 1980;	
Schilcher	 &	Manning,	 1975)	 and	 CHC	 components	 (Jallon	 &	David,	
1987).	Although	D. melanogaster	 males	will	 readily	 court	D. simulans 
females,	 there	 is	 prezygotic	 isolation	 between	 them	 (Coyne	 &	 Orr,	
1989).	 Furthermore,	 gene	 expression	 changes	 in	 female	 D. melano-
gaster,	particularly	of	olfactory	and	immune-	related	genes,	are	evoked	
by	 D. melanogaster	 but	 not	 D. simulans	 courtship	 song	 (Immonen	 &	
Ritchie,	 2012).	We	 found	 that	 after	 exposure	 to	D. simulans,	mating	




D. simulans < D. yakuba < D. pseudoobscura < D. virilis.	 However,	 the	
results	showed	instead	that	D. melanogaster	males	(i)	never	responded	




















following	exposure	to	a	heterospecific	male).	D. simulans	(D. sim),	D. yakuba	(D. yak),	D. pseudoobscura	(D. pse),	or	D. virilis	(D. vir).	Auditory,	
tactile,	and	olfactory	sensory	manipulations	were	as	described	in	the	text,	CHC	=	cuticular	hydrocarbon
Sensory modality manipulated Type of manipulation
“Rival” male
D. sim D. yak D. pse D. vir
None 0.4 0 0.4 0
Auditory Wing	removed 1.5 −0.5 2 0
iav 1 0.5 2 0
Tactile Nets 0 0 0.5 0
Olfactory Orco 0.6 −0.2 −0.6 −0.2
Antennal	removal 2.5 −0.5 1 0.5
CHC 1.25 0 1 0
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single	 sensory	 modality	 confers	 information	 about	 species	 identity.	
No	single	manipulation	 “tricked”	male	D. melanogaster	 into	 respond-
ing	 to	males	of	all	other	 species.	The	use	of	nets	 to	separate	males	
from	rivals	abolished	all	responses	to	heterospecific	rivals.	This	could	
indicate	that	removing	tactile	cues	actually	increased	the	discrimina-
tory	ability	of	D. melanogaster	males.	However,	 it	might	also	 indicate	
that	 males	 received	 insufficient	 information	 to	 mount	 a	 response.	
Further	work	 is	needed	 to	distinguish	 these	possibilities.	Responses	
of	D. melanogaster	males	 to	D. simulans	were	 generally	 increased	 by	
manipulations	of	auditory	and	olfactory	cues.	The	pattern	was	similar	
for	D. pseudoobscura,	with	the	exception	of	the	abolition	of	a	response	
when	 focal	males	 carried	 the	Orco	mutation.	Exposure	 to	D. yakuba 
or D. virilis	 rarely	elicited	even	an	 intermediate	 response,	 and	 in	 the	
two	instances	where	this	effect	did	occur,	it	was	via	different	sensory	
routes	(i.e.,	hearing-	defective	iav	focal	D. melanogaster	males	respond-












tified	 as	 targets	 for	 sexually-	selected	 isolating	 mechanisms	 and	 as	
having	driven	 speciation	 (Coyne,	Crittenden,	&	Mah,	1994;	Etges	&	
Tripodi,	2008;	Ritchie	et	al.,	1999).	A	recent	study	of	Drosophila atha-
basca	 races,	 which	 diverged	 only	 16–20	 TYA,	 suggested	 that	 song	
traits	were	the	driver	of	isolation	and	suggested	that,	for	older	diver-
gence	events,	there	can	be	a	risk	of	attributing	divergence	to	traits	that	
may	 have	 accumulated	 postspeciation	 (Yukilevich,	 Harvey,	 Nguyen,	
Kehlbeck,	 &	 Park,	 2016).	 Moreover,	 multiple	 manipulations	 of	 the	








However,	 it	 is	not	clear	that	this	 information	is	encoded	in	one	spe-
cific	 sensory	 cue.	 It	 remains	 to	 be	 determined	whether	D. simulans 
and	D. pseudoobscura	elicit	intermediate	responses	in	D. melanogaster 
males	due	to	song	or	CHC	profile	similarities.
We	assume	 that	 the	extra	 investment	of	 responding	 to	hetero-
specific	rivals	 is	costly,	based	on	the	finding	of	shorter	survival	and	
greater	 reproductive	 senescence	 in	 males	 that	 repeatedly	 respond	
to	 conspecific	 rivals	 (Bretman	 et	al.,	 2013).	 However,	 this	 should	
be	 directly	 tested.	 Similarly,	we	 assume	 that	 the	 potential	 benefits	








than	D. pseudoobscura	 and	 particularly	D. virilis	 (Pitnick,	Markow,	&	
Spicer,	1995).	Hence,	the	failure	of	D. melanogaster	males	to		respond	






suggested	 that	 D. melanogaster	 males	 respond	 to	 D. simulans	 and	
D.  virilis	as	if	they	are	rivals,	a	pattern	that	was	not	found	here	(i.e.,	for	
D. virilis,	which	never	 responded).	 In	 line	with	our	 results,	a	 study	 in	
D. pseudoobscura	 found	 vision	 to	 be	 unimportant	 in	 responding	 to	

















Data	 are	 archived	 in	 the	 DRYAD	 data	 repository	 (https://doi.
org/10.5061/dryad.4vs00).
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